Since the original demonstration by Stetten and Boxer that the diabetic animal is relatively incapable of synthesizing fatty acids (2) , numerous investigators have confirmed the marked dependence of fatty acid synthesis on glucose oxidation (3) (4) (5) . Masoro, Chaikoff, Chernick, and Felts have shown that in the fasted as well as in the diabetic rat the production of fatty acids by the liver is sharply depressed (6) . Reinstitution of carbohydrate oxidation by the administration of insulin to the diabetic animal or by the feeding of glucose alone to the fasted rat will readily restore their ability to synthesize fatty acids, while on the other hand, the administration of fat or protein at least to the latter animals has little or no such effect (6) (7) (8) (9) . These studies have strongly indicated that for "lipogenesis" 3 to proceed at an appreciable rate there exists a specific requirement for concomitant glucose breakdown. Furthermore, there is abundant evidence to demonstrate that lipogenesis is readily accelerated to abovenormal levels by excessive glucose catabolism (6, 9, 10) .
Cholesterol synthesis, too, appears to be in part controlled by the rate of glycolysis; however, this relationship is a more complicated one than that which exists between glycolysis and fatty acid synthesis. Tomkins and Chaikoff were the first to show that in the liver of the fasted rat cholesterol synthesis is greatly depressed (11) . A spe-1 A preliminary report of these studies has been previously published (1) . 2These studies were supported by grants from the American Heart Association, the Dallas Heart Association, and the National Heart Institute, United States Public Health Service. 3 As is customary, "lipogenesis" is used in this and the following paper to refer to the synthesis of fatty acids; "lipid" will here refer to the two lipids under study, namely cholesterol and fatty acids. cific dietary deficiency responsible for this effect was not established; however, it was demonstrated that the feeding of glucose alone was capable of restoring cholesterol synthesis to normal levels. In the diabetic animal cholesterol synthesis has been reported to be normal (4, 5) or at times decreased (4) , and in yet another study cholesterolgenesis was found to be increased (12) . The reason for these different results is not apparent, but it may be related to the relative severity of the diabetes and hence to the degree of impairment of glycolysis.
It is clear from these many lines of research, therefore, that the synthesis of both cholesterol and fatty acids is greatly influenced by the amount of glucose being oxidized within the cell; however, the mechanism by which glucose produces these effects has remained obscure.
It has been recently demonstrated that, contrary to older concepts, glucose can be broken down in One is the well known Embden-Meyerhof (EM) route over which most of the glucose of the liver cell is probably oxidized; the other is the hexosemonophosphate (HMP) shunt. The quantitative importance of HMP glycolysis 4 is still uncertain. The results of some studies have indicated that this pathway may account for as much as 30 to 50 per cent of hepatic glycolysis (13) (14) (15) , while in other experiments the HMP route has apparently been responsible for less than 10 per cent of the glucose metabolized by the liver (14, (16) (17) (18) . In spite of the fact that the HMP shunt may play a quantitatively minor role in glucose oxidation, it seemed possible that this pathway might exert an influence on the regulation of lipid synthesis out of proportion to its function in glucose metabolism. For this reason a study of the relationship between glycolysis and the synthesis of fatty acids and cholesterol has been carried out using cell-free preparations of rat liver. The relative importance of each of the two routes of glucose breakdown in the control of lipid synthesis has been evaluated by using acetate-i-C14 to determine the rates of synthesis while glucose oxidation was stimulated alternately via the EmbdenMeyerhof pathway or via the hexosemonophosphate shunt. Studies of the influence of glycolysis on lipid synthesis in normal liver are reported here. An investigation of the cause of the lipogenic defect in diabetes is described in the following paper (19) .
EXPERIMENTAL PROCEDURE
Use was made in these studies of carefully homogenized, cell-free preparations of rat liver. As prepared, such systems have the advantage that they will carry out most of the reactions of the normal cell, and yet their use allows one to manipulate directly many of these metabolic processes. These preparations thus provide easily controlled models from which inferences can be drawn regarding metabolic processes in the intact cell.
The method used to investigate the function of the two pathways of glucose oxidation was suggested by the finding of Wenner, Dunn, and Weinhouse, that the addition of diphosphopyridine nucleotide (DPN) to liver homogenates markedly increases the rate of oxidation of glucose (20) . This DPN-stimulated breakdown of glucose was later shown to occur primarily via Embden-Meyerhof glycolysis (14) . These authors have also reported a single experiment in which supplementation with both triphosphopyridine nucleotide (TPN) and DPN caused an increase in glucose oxidation which occurred predominantly by way of the HMP route (14) .
Studies in our laboratory have confirmed and extended these observations (21) . We have demonstrated that the addition of TPN alone to a liver homogenate markedly stimulates the oxidation of glucose over the hexosemonophosphate pathway. DPN alone, as was also indicated by Wenner's studies, enhances primarily EM glycolysis.
A means is therefore available for stimulating glucose breakdown primarily down one glycolytic pathway or the other (Figure 1 ). By supplementing a homogenate with either DPN or TPN and simultaneously measuring the rates of incorporation of acetate-i-C14 into both cholesterol and fatty acids, the role of each of these two pathways of glucose oxidation in controlling lipid synthesis could be studied.
Treatment of animals. Male, Long-Evans rats obtained from the Diablo Animal Laboratories, Berkeley, Calif., were used throughout this study. Their weights ranged from 150 to 250 Gm. They were maintained on Purina Laboratory Chow except for a two or three day period prior to killing when they were given ad libitum a 67 per cent glucose diet. 5 Only rats that had food in their stomachs at the time of death were used in the experiments.
Preparation of homogenates and incubation procedure. Animals were stunned by a blow on the head, their throats cut, and their livers perfused through the portal vein with 15 ml. of the ice-cold phosphate buffer, 0.1 M, pH 7.7. The livers were then quickly excised, placed in the cold buffer and allowed to cool. In early studies ice buckets were used for this purpose; however, more uniform results were obtained if the entire procedure was carried out in a room maintained at 50 C. The livers were weighed, placed in a Dounce homogenizer (22) and a volume of phosphate buffer equal to the weight of the liver, plus glutathione 6 to make a final concentration of 10 /AM per ml. were added. The livers were then homogenized with five to six slow strokes of a plunger having a clearance of about 0.5 to 1 mm. This is looser than the "loose" plunger supplied with the commercial Dounce homogenizer. The resulting homogenate was centrifuged at 800 X G for 10 minutes at -1°C., and the supernatant containing the broken liver cells minus nuclei was used as described below. 5 Such a homogenate represents a relatively concentrated preparation of liver tissue. It can be readily centrifuged and pipetted and provides a minimum dilution of the soluble enzymes and cofactors of the cell. This preparation will synthesize fatty acids and with added coenzymes will also synthesize cholesterol; it will often perform these functions at rates comparable to those seen in liver slices (Table I) . More dilute homogenates, as also shown in Table I , were found to have less ability to carry out these processes and their use was abandoned.
All incubations were carried out in the modified Warburg flasks designed by Baruch and Chaikoff (23) . Sealing such vessels with serum caps allows samples to be withdrawn or additions to be made without opening the flasks. Either 1 or 2 ml. of the homogenate was placed in the outer chamber of the flask and the substrates,7 coenzymes,8 acetate-l-C4 9 and water were then added as indicated in Table II (24), was injected through the serum cap into the center well. Two-tenths ml. of 10 N sulfuric acid was injected into the outer well containing the incubation mixture; the flasks were then shaken at 0 to 50 C. for 30 minutes to allow the Hyamine to absorb the C1402. It was found necessary to carry out this step 7 Glucose-6-phosphate was obtained from the Sigma Chemical Company; isocitrate was purchased from Nutritional Biochemical Inc.
8Triphosphopyridine nucleotide and diphosphopyridine nucleotide were purchased either from the Sigma Chemical Company or the Pabst Laboratories.
9Acetate-1-C" was prepared by Tracerlab, Inc., or the New England Nuclear Corporation.
at reduced temperature in order to prevent acetic acid-C" from being absorbed by the Hyamine solution. Trapping the CO2 at a temperature of 37°C. resulted in as much as 1 per cent of the acetate-C1' appearing in the Hyamine in the 30 minute period.
The Hyamine-C"402 solution was next transferred quantitatively with toluene into a 10 ml. volumetric flask. A 2 ml. aliquot was placed in 16 ml. of a 0.4 per cent solution of diphenyloxazole in toluene and the C" assayed in a Packard Liquid Scintillation Counter.10 Total CO2 was determined with the use of a Van Slyke manometric apparatus.
Cholesterol-C" determination. The homogenate was saponified by adding 90 per cent (w/v) potassium hydroxide (1 ml. to 2.5 ml. of incubation mixture or 0.5 ml. to the 1.4 ml. mixture) and heating in an autoclave at 15 pounds pressure for one hour. The saponified homogenate was then transferred to a 250 ml. Erlenmeyer flask, and ethanol was added to give a 50 per cent solution. The nonsaponifiable material was next extracted with petroleum ether and the cholesterol fraction (which includes other 8 sterols) was isolated as the digitonide by the procedure of Sperry and Webb (25) . The digitonide was dissolved with heating in 2.2 ml. of methanol and 1 ml. was added to 16 ml. of the liquid scintillation solution for C' determination.
Fatty acid-C" determination. Method I: After extraction of the cholesterol the saponified homogenate was acidified, and the fatty acids were isolated by extensive extraction of the mixture with petroleum ether. The pooled extracts were concentrated, washed twice with water and made up to a 10 ml. volume. A 2 ml. aliquot of the petroleum ether extract was assayed for fatty acid-C" as described above.
Method II: In later studies an improved rapid method for fatty acid isolation was devised. This gave clear solutions which did not cause the slight quenching of the liquid scintillator which the somewhat yellow solutions of Method I occasionally produced. After removing the nonsaponifiable material as described above, the 250 ml. Erlenmeyer flask was heated on a steam bath to remove the ethanol. Water was then added to give a volume of about 5 to 6 ml. and the mixture was acidified below pH 3.0 with concentrated sulfuric acid. After cooling, exactly 20 ml. of petroleum ether was added; the flask was then stoppered and shaken for 15 minutes at top speed in an International Bottle Shaker, Size 2. Approximately 5 ml. of the clear supernatant was placed in a 10 ml. glassstoppered centrifuge tube and washed twice with 5 ml. portions of water. A 2 ml. aliquot of the petroleum ether was then taken for assay of the fatty acid-C".
RESULTS
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Rate studies of lipid synthesis
The previous experiments employed incubations carried out for a single period of time, namely 60 minutes. In order to determine whether the conclusions drawn from these single determinations were valid, a study of the rates of incorporation of acetate-i-C'4 into fatty acids and cholesterol was carried out by measuring the extent of synthesis of cholesterol-C"4 and fatty acid-C"4 at intervals of from 0 to 90 minutes.
The slopes of curves obtained by plotting such data on linear coordinates represent the rates of synthesis of lipid-C"4. As can be observed in Figure 2 , at all time intervals studied, EM glycolysis exerted but little influence upon the synthesis of fatty acids. On the other hand, as indicated by the slopes of these curves, stimulation of the HMP pathway caused a marked increase in the rate of lipogenesis, and the addition of both DPN and TPN increased this rate still further. Inasmuch as the synthesis of fatty acids followed a linear curve from 15 to approximately 60 minutes, a 60 minute period of incubation was routinely used in these studies.
The rate of synthesis of cholesterol after a 15 minute period was also observed to be approximately constant up to a period of 60 minutes and again the results of such rate studies confirm those of the previous section ( Figure 3) . Enhancement of the EM pathway at no time interval produced a significant increase in the rate of cholesterol-C"4 synthesis; yet acceleration of the HMP pathway greatly increased this synthesis. Again the simultaneous stimulation of both pathways of glucose breakdown caused a decrease in the slope of the curve of cholesterol-C"4 production compared to that observed when only the HMP pathway was stimulated.
Mechanism of HMP stimulation of fatty acid and cholesterol synthesis
The preceding experiments demonstrate that stimulation of the HMP shunt markedly accelerates the processes of lipogenesis and cholesterolgenesis; however, these studies leave unanswered the question as to how this pathway of glycolysis produces these striking effects.
As can be observed in Figure 1 , glucose oxidized via the HMP shunt causes the production of reduced TPN (TPNH) and if the glyceraldehyde phosphate or fructose phosphate produced is converted to pyruvate, DPNH is formed as well. In contrast, glucose oxidized via the EM pathway yields only DPNH. Since TPNH is now known to be required in the synthesis of fatty acids (26) and, as we have previously suggested (27) , is probably specifically required in cholesterol synthesis as well, it seemed likely that it is this cofactor, produced only by the HMP route, which mediates the effects of HMP glycolysis.
To test this possibility an alternate TPNH generating system was employed. Isocitrate and TPN will also yield TPNH, and as shown in Table IV the addition of this generating system will cause a very substantial increase in both fatty acid and cholesterol synthesis. It is therefore likely that the ability of HMP glycolysis to stimulate lipid synthesis is indeed due to the TPNH generated during glucose oxidation via this pathway. Neither isocitrate alone nor TPN alone will stimulate the synthesis of fatty acids as markedly as will both together. Cholesterol synthesis, however, was definitely stimulated by TPN in the absence of added substrate. This last result is probably due to a breakdown of endogenous glucose sufficient in the presence of supplemental TPN to yield TPNH in quantities large enough to cause the stimulation of cholesterol synthesis. The lack of a similar response in fatty acid synthesis may be explained on the basis of a greater affinity of the cholesterol synthesizing enzymes for the available TPNH.
It is also noteworthy that in the presence of TPN the use of glucose-6-phosphate as a substrate yielded greater amounts of cholesterol-C'4 than did isocitrate. The reverse, however, was true for fatty acid synthesis; in this case isocitrate plus TPN caused a greater stimulation than did glucose-6-phosphate plus TPN.
DISCUSSION
The function of glycolysis in the economy of cellular metabolism is at present only incompletely understood. It has frequently been assumed that glucose catabolism serves mainly to supply energy in the form of ATP during the glycolytic process following which the remaining carbon substrates may be used for synthetic purposes and for the energy yielding reactions of aerobic oxidation. Evidence is now accumulating to indicate that glucose actually represents a relatively minor energy source for many tissues of the body (28, 29) . Furthermore, the fact that only small amounts of glucose are required to produce rather profound effects in intermediary metabolism is not consistent with the concept that glycolysis acts simply as a source of nonspecific energy or of two-carbon units.
A different function for glycolysis in intermediary metabolism is suggested by the findings Table II. reported here; namely, that this phase of glucose oxidation functions at least in part as a generating system for reduced coenzymes, which by donating their protons to specific substrates in turn control various synthetic processes of the cell. In this manner the rate of glucose oxidation may serve to regulate the rates at which these various synthetic reactions occur. That such a mechanism is in part dependent upon the route by which glucose is oxidized is also suggested by the results of this study.
The specific reactions examined in the present investigation were those leading to the synthesis of fatty acids and of cholesterol. By stimulating glucose oxidation via either of the two pathways of glucose catabolism, i.e., the Embden-Meyerhof route and the hexosemonophosphate shunt, it was possible to examine the part played by each of the glycolytic pathways in regulating the synthesis of these lipids.
The rather surprising observation was made that in spite of its major role in the glycolytic process the EM pathway appears to be relatively unimportant in controlling lipid synthesis. It would follow, therefore, that the cofactors produced during the operation of this pathway, i.e., DPNH and ATP, are not limiting in the synthesis of these two lipids. In other words, though these cofactors may be required for lipid synthesis (26, 30, 31) , they are probably supplied in sufficient quantity by the normally rapid Embden-Meyerhof glycolysis of the liver cell so that a further in-crease in their production has little effect in stimulating lipid synthesis.
On the other hand, it would appear that the glucose which uses the hexosemonophosphate shunt has a profound influence upon the rates of synthesis of both fatty acids and cholesterol. Stimulation of this route of glucose oxidation consistently produced a very marked increase in lipid synthesis. This amounted in the case of fatty acid formation to an average of 102 times that seen in the unstimulated homogenate and in the case of cholesterol synthesis to an average increase of 293-fold.
We would suggest, therefore, that in conditions in which active glycolysis causes a stimulation of fatty acid and cholesterol synthesis this enhancement of lipid synthesis is due primarily to the relatively small portion of glucose which is oxidized via the hexosemonophosphate shunt.
These results are no doubt independent of the operation of the Krebs cycle and the TPNH thus produced since, in about one-half of the experiments shown in Table II , supplementing the system with either DPN or TPN caused no significant increase in the amount of C1402 produced from the acetate-C'4; nonetheless, fatty acid and cholesterol synthesis still responded as described. These findings would also indicate that the pyridine nucleotides are often present within the cell in concentrations sufficient for the reactions of the citric acid cycle to proceed at optimal rates. It is also of interest that from evidence presented in Table III , the total amount of CO2 produced (C1202 plus C1402) need not be increased by the addition of the cofactors. In view of the fact that the oxidation of glucose to CO2 is stimulated in liver homogenates by the addition of either DPN or TPN (21) , other sources of Krebs cycle intermediates must under these circumstances decrease their contribution to this cycle, thereby maintaining the total CO2 production constant.
The factor mediating the effects of glucose oxidation upon both fatty acid and cholesterol synthesis is in all probability the reduced TPN produced during the functioning of the HMP pathway, since the substitution of another TPNH generating system, isocitrate and TPN, readily replaced the hexosemonophosphate shunt in enhancing both of these syntheses (Table IV) .
The probable sites of action of the reduced pyridine nucleotides in lipid synthesis are shown in Figure 4 . Langdon has demonstrated that TPNH is required in the synthesis of fatty acids and that the reaction requiring this cofactor is the one involving the conversion of crotonyl-CoA to butyryl-CoA (26). Seubert, Greull, and Lynen (32) have reconstructed a fatty acid synthesizing system from liver which also requires TPNH. Brady, Mamoon, and Stadtman have shown that in the supernatant fraction of pigeon liver TPNH is a limiting cofactor for fatty acid synthesis (33) ; and since completion of our study, Langdon has made the same observation in normal rat liver homogenates (34) . Dituri, Shaw, Warms, and Gurin, in studying liver mitochondria (35) , and Hele, Popjak, and Lauryssens, using mammary gland (36), have not been able to confirm these findings and present evidence to indicate that DPNH is the limiting factor in fatty acid synthe- (37, 38) .
If, on the other hand, the four-carbon compound attacked by the acetyl-CoA is acetoacetyl-CoA rather than butyryl-CoA, the molecule formed is ft-hydroxy-,8-methylglutaric acid (or its CoA derivative) (39) , and this acid is believed to lead to the synthesis of cholesterol (40) . The evidence presented here would indicate that there is a specific requirement for TPNH in the process of cholesterol synthesis. In view of this finding the requirement for DPN and ATP in the synthesis of cholesterol noted by Bucher (41) may be due to the known conversion of these two cofactors to TPN. A recent report of Tchen and Bloch (31) has indicated that the site of action of TPNH in cholesterol synthesis is at the cyclization of squalene to yield the sterol nucleus; however, TPNH did not appear to be a specific requirement since DPNH was also capable of performing this function.
In our study TPNH would clearly seem to be the specific factor which stimulates the synthesis of cholesterol. The relative depressant effect of DPN might then be explained as being secondary to the increase in fatty acid synthesis produced by the addition of DPN as well as TPN to the system. Such an increase in fatty acid synthesis may remove either acetoacetyl-CoA or TPNH to an extent that these compounds are no longer present in amounts capable of maintaining a rapid rate of cholesterol synthesis. The fact that EM glycolysis would appear to reduce cholesterol synthesis suggests than an in vivo method for directing glucose down this pathway at the expense of the HMP shunt might provide a means for controlling excessive cholesterol synthesis. Finally, it is of interest that the use of isocitrate and TPN as an alternate generating system of TPNH caused an even greater enhancement of fatty acid synthesis than did glucose-6-phosphate and TPN (Table IV) . On the other hand, glucose-6-phosphate proved to be a better substrate for cholesterol synthesis than did isocitrate. Since presumably both cholesterol and fatty acids are synthesized exclusively from acetyl-CoA ( Figure 4 ), these differences in the stimulation of lipid synthesis cannot be explained on the basis of differential dilution of separate precursor pools. One explanation for these results is that in some manner isocitrate may donate its protons via TPNH more specifically to the precursors of fatty acids while glucose-6-phosphate may more readily contribute its protons, also via TPNH, to cholesterol. This conclusion is analagous to that previously made by Hoberman based on the finding that protons from lactate are incorporated preferentially into glycogen rather than into glutamate (42) .
SUMMARY
The role of glucose oxidation in the regulation of cholesterol and fatty acid synthesis has been studied in a cell-free preparation of normal rat liver. It is concluded that the stimulatory effect of glycolysis upon these syntheses is due primarily to that portion of glucose oxidation which proceeds via the hexosemonophosphate (HMP) shunt.
Evidence is presented to demonstrate that it is the reduced triphosphopyridine nucleotide (TPNH) generated by the hexosemonophosphate pathway which mediates this effect of glycolysis upon both fatty acid and cholesterol synthesis. When glucose is being oxidized at a rapid rate, it would appear that the synthesis of cholesterol may be regulated by the amount of glucose using each glycolytic pathway, oxidation via the HMP route stimulating and that via the Embden-Meyerhof pathway depressing sterol synthesis.
Finally, it is suggested that the process of glucose catabolism, by donating protons to specific sites in intermediary metabolism, may serve the primary function of regulating certain synthetic processes of the cell.
